Abstract We develop discrete-time models for analyzing the long-run equilibrium outcomes on invasive species management in two-patch environments with migration. In particular, the focus is on a situation where removal operations for invasive species are implemented only in one patch (controlled patch). The new features of the model are that (1) asymmetry in density-dependent migration is considered, which may originate from impact of harvesting as well as heterogeneous habitat conditions, and (2) the effect of density-dependent catchability accounts for the fact that the required effort level to remove one individual may rise as the existing population decreases. The model is applied to agricultural damage control in the raccoon (Procyon lotor) problem that has occurred in Hokkaido, Japan. Numerical illustrations demonstrate that the long-run equilibrium outcomes largely depend on the degree of asymmetry in migration as well as the sensitivity of catchability in response to a change in the population size of the invasive species. Furthermore, we characterize the conditions under which the economically optimal effort levels are qualitatively affected by the above two factors, and conclude that aiming at local extermination of invasive species in the controlled patch is justified.
Introduction
''The problem of invasive species and their control is one of the most pressing applied issues in ecology today (Hastings et al. 2006) .'' Invasive species have increasingly been acknowledged as a global threat, since they can fundamentally destroy indigenous ecosystems after their establishment (Shigesada and Kawasaki 1997; Perrings et al. 2000) . Although there are several unique characteristics accompaning invasive species that contribute to social damage, one critical feature is that they tend to spread or disperse very quickly after they have succeeded in their invasion. Such rapid dispersion partly reflects the fact that, in many cases, native species do not possess defensive skills against newcomers (Perrings et al. 2000) .
Many governmental attempts have been made to eradicate established invasive species. Unfortunately, however, only a few have succeeded, and most of them have failed especially when the habitat is sufficiently large (Bomford and O'Brien 1995) . As a result, management officials end up halting eradication attempts (Bomford and O'Brien 1995; Myers et al. 1998; Clout and Veitch 2002) . When the invasive species are widespread in a large habitat, catchability could decrease in response to a decline in the population size of invasive species. This implies that the cost of removing the last 1-10% of the population becomes prohibitively expensive, and thus achieving extermination appears to be extremely difficult (Bomford and O'Brien 1995; Myers et al. 1998) . In summary, we call such a problem ''the issue of density-dependent catchability.'' Given these historical facts, many researchers and practitioners sometimes recommend ''area-wise control,'' which includes attempts at local extermination. Such regimes in invasive species management mean that removal operations for invasive species are made only in some parts of the whole habitat where some important industrial or ecological asset is located, such as agriculture. Real world examples in which area-wise control is undertaken as a management strategy include: raccoon (Procyon lotor) problems in Hokkaido, Japan, crown-of-thorns starfish (Acanthaster planci) problems in Okinawa, Japan, and many other instances in various places. As an example of native species control problems, a well-known sika deer management program has been enforced since 1998 in Hokkaido, Japan. In this program, Hokkaido is divided into several regions and area-wise control strategies are undertaken (Matsuda et al. 1999) .
Whereas area-wise controls have recently emerged as a scheme for invasive species management, the literature which analyzes management strategies of this type mainly focuses on the situation where removals of invasive species are implemented in a single closed system (Eisewerth and Johnson 2002; Olson and Roy 2002; Perrings 2005; Hastings et al. 2006) . However, such a framework is not appropriate when removal efforts are implemented locally. It is noted by several authors that a meta-population model is more appropriate since (1) local removals potentially impact inter-and intra-species competition, and (2) habitat conditions may simply be heterogenous (Hastings 1982; Holt 1985; Delong and Lamberson 1999) . As a result, density-dependent migration may become asymmetric (Tuck and Possingham 1994; Armstrong and Skonhoft 2006) . Although there may be several studies which consider area-wise controls, none of them, to the best of our knowledge, explicitly examine the effect of a meta-population structure, density-dependent catchability, and asymmetry in migration in invasive species management. Thus, this paper seeks to tackle these issues. At this point, several open questions come to mind:
1. What would be an appropriate measure for effectiveness of removal efforts from the long-run perspective?
2. Is there any situation where it is better to aim at local extermination even with a meta-population? 3. How do the degree of asymmetry in migration and the density-dependent catchability affect the long-run equilibrium outcome? 4. How does an economically optimal effort level change with the above two factors?
The goal and contribution of this research are to develop a simple framework of discrete-time models for analyzing the long-run consequences of removal operations for a meta-population, and to answer a set of the aforementioned questions in the context of invasive species management. In particular, an ecological model with two-patch environments is proposed, considering the key features of invasive species controls: (1) asymmetry in densitydependent migration, and (2) the effect of density-dependent catchability.
While we do not obtain analytical characteristics due to non-linearity in the form of density-dependent catchability, we demonstrate that our model could be utilized for a real world case study of invasive species management. For the purpose of illustration, the model is applied to agricultural damage control in the raccoon problem that has occurred in Hokkaido, Japan. In this application, we consider two economic functions so as to measure the effectiveness of removal effort levels: (1) agricultural damage originating from roaming raccoons, and (2) removal costs which are formulated as a function of removal efforts. We first investigate the long-run equilibrium outcomes of ecological variables and the associated economic functions, and then discuss an economically optimal effort level.
Materials and methods

Model
Management officials seek to balance the cost of removal operations and the damage that originates from roaming invasive species. Therefore, they are sometimes determined to implement removal operations only in some part of the whole area occupied by the species. This may be due to the fact that the whole area could be too large to be covered by a removal operation, or that the budget may not be sufficient to do so.
The simplest framework for the analysis of such a situation is to apply an ecological model in two-patch environments (Holt 1985) . The area in which removal operations are implemented is denoted as the controlled patch, and areas in which no removal operation is implemented are denoted as the uncontrolled patch.
Ecological model
Consider the following system of population dynamics over time in the two-patch environments in which removal operations are implemented only in one patch:
and
where X 1,t is invasive species population in the uncontrolled patch at period t; X 2,t is invasive species population in the controlled patch at the beginning of period t; r i , i = 1, 2 is the net growth rate of the habitat i; K i , i = 1, 2 is the parameter of the habitat i related to the density feedback rate; A i , i = 1, 2 is the area of the habitat i; m([0) is a parameter representing the general magnitude of migration between habitats; b([0) is a parameter to take account of the fact that the migration may be due to different habitat potentials within the two sub-populations caused by harvesting in controlled patch and by heterogeneous habitat conditions; H 2,t is population removed in the controlled patch at period t; S 2,t is escapement in the controlled patch at period t. In the above model, we simply ignore heterogeneity in the density and in the migration probability within the habitat. In addition, we assume that the per capita migration rates in habitats 1 and 2 are respectively m 0 bA 2 and m 0 A 1 , which is proportional to the area of destination. The numbers of migrants from habitat 1 to 2 and from 2 to 1 are, respectively, m 0 bA 2 X 1 and m 0 A 1 S 2 . Replacing m 0 A 1 A 2 by m, we obtain Eqs. 1 and 3. Parameter b plays a key role in determining the long-run equilibrium outcomes, which represents the degree of asymmetric migration in two-patch habitats.
The above system of difference equations is similar to one of the continuous-time models employed in Armstrong and Skonhoft (2006) . However, there are some distinct points to be noted. First, we choose the discrete-time setting for the purpose of applications since the time series data on raccoon population, economic damage, and estimated biological parameters are collected in the discrete manner. In fact, most basic statistics and data on the raccoon problems are annually based. We also believe that the discrete-time formulation is more convenient for the purpose of applying the model to case studies in general.
Second, a stock-recruitment model is employed to take account of density-dependent catchability (Clark 1990; Tuck and Possingham 1994) . This must be distinguished from a straightforward discretization of the continuoustime model as adopted in the application of fishery models. The discretization scheme in fishery literature causes a problem that the effect of density-dependent catchability is not well taken; the standard specification can be found in Conrad (1999) . Such a choice of discretization is more likely to yield the result that extermination is desirable. On the other hand, the stock-recruitment model enables us to incorporate the density-dependent catchability.
To capture the effect of density-dependent catchability, a continuous-time submodel representing a production function is introduced in each intra-period as follows. 
where s denotes an instant of time in an intra-period such that t s t þ M; 0\M\1; and M denotes the length of time in removal operation implemented in that period t; e(s) is the effort level devoted at instant s for t s t þ M; h(s) is the stock size removed by operations at instant s for t s t þ M; X 2,t -h(s) is the existing population of invasive species (escapement) at instant s; t s t þ M; qðÁÞ ¼ bðX 2;t À hðsÞÞ hÀ1 is density-dependent catchability, b is some coefficient to be adjusted for measurement units and h C 0 is the sensitivity of catchability; p(Á) = b(X 2,th(s)) h is catch per unit of effort (CPUE) with the boundary conditions that
Combining the specifications of Eqs. 4 and 5, we analytically derive a production function of H 2,t , which is analogous to solving an initial value problem of the firstorder ordinary differential Eq. 4 with the boundary conditions 5. Solving for H 2,t yields
where E t ¼ R tþM t eðsÞds represents the total effort level of removal operations devoted by the management officials in period t, and the second term in the right-hand side is the escapement level in period t, i.e.,
This type of sub-continuous model in an intra-period for the production function was first introduced by Clark (1990) , and many other researchers implicitly adopt such Popul Ecol (2009) 51:493-504 495 specification as well (Reed 1979; Moxnes 2003) . With this approach, the effect of density-dependent catchability and CPUE that has actually occurred in each intra-period is accepted in the sense that the required effort level of catching one individual may rise as the existing population decreases. For a clearer understanding, refer to Fig. 1 in which catchability and CPUE are shown graphically as a function of the existing population of invasive species in an intraperiod. The initial population prior to any removal operation is X 2,t . As time goes on in each intra-period, removal efforts are made, and the existing population of X 2,t -h(s) gradually decreases. At the same time, CPUE is monotonically decreasing, while marginal change in catchability depends on whether or not the sensitivity of catchability, h, is larger than unity. If it is larger than unity, catchability decreases in response to a decline in the existing population, otherwise it increases. A series of these events that occurs in each intra-period during removal operations is graphically described in Fig. 1 .
A parameter of interest is the sensitivity of catchability, h, which represents the index for the percent change of catchability in response to a 1% change in the existing invasive species stock. Put differently, it represents how CPUE depends on the existing population of the invasive species. As Fig. 1 shows, if h [ 1, CPUE is convex in the existing population, otherwise it is concave.
Here, it must be noted that if the sensitivity of catchability is larger than unity, i.e., h [ 1, extermination of invasive species is impossible, otherwise possible. This fact may be noted by checking the second term in the right hand side of Eq. 6, that is, the escapement level is
This term is positive for any finite effort level of E t when h is larger than unity. In other words, when h [ 1, the required effort level for extermination is infinite, which implies infeasibility of eradication. However, even though h \ 1, it does not imply that extermination is easy. In this case, as the sensitivity of catchability is approaching one, extermination gets more difficult and more costly. The sensitivity of catchability, h, and the adjustment parameter, b, in the production function are identified from the field data, which we describe in the calibration section. The decision that must be made by the management officials is to set an annual effort level for removal operations, E t , t = 0,1,.... In the real world, this is measured by aggregate days for which traps had been set in the field. It is common for the government officials to announce a target of total effort level they seek to achieve in each period. In this paper, it is assumed that the government sets effort levels to some constant and keeps the level throughout the remaining periods, since it works as a benchmark analysis for the population dynamics.
We could also assume that an optimal removal effort via dynamic programming or optimal control can be derived under the assumptions that the current estimates of population levels in two patches are accurately measured. However, we do not take this approach, and leave it as a topic to be addressed in the future. As is often the case with invasive species management, the population estimates, especially outside the controlled patch, are unavailable or not collected by the government agency. Therefore, even though it is possible to derive an optimal feedback strategy of removals, as in the sense of Tuck and Possingham (1994) , it is quite difficult to be implemented in reality due to informational obstacles. Thus, a constant annual effort is assumed along the line of the above argument, i.e., E t = E for all t = {0,1,2,...}, but the government can choose the level of E.
Bionomic steady state
Under the assumption of constant effort level E t = E, there may exist a steady state at which X i;tþ1 ¼ X i;t ; S 2;tþ1 ¼ S 2;t ; H 2;tþ1 ¼ H 2;t ; i ¼ 1; 2; t ¼s; . . .; 1 for somes [ 0: For simplicity, we drop the subscript of t to denote a set of the variables at the steady state in what follows, i.e., X 1 , X 2 , S 2 , H 2 . The bionomic steady state can now be characterized by the following system of equations:
The system derives from Eqs. 1, 2, 3 and 6, and possesses four unknowns of X 1 , X 2 , S 2 , H 2 and four equations. Unfortunately, it is impossible to solve the steady state equilibria in the analytic form. However, we confirm that Fig. 1 Catchability and CPUE as a function of the existing population size in each intra-period there are two equilibria in which (1) all variables are zero, and (2) at least some of them are interior. The stability of the latter equilibrium is checked by formulating the Jacobian matrix, following the standard procedure introduced in Edelstein-Keshet (1988) . We have identified that it is stable in most plausible parameter spaces.
Economic model
We introduce two economic functions which work for measuring the effectiveness of some constant removal effort level, which are: (1) costs of removal operation, and (2) social damage that accrued from roaming invasive species. While removal cost is easy to measure, what is social damage may be difficult to reach consensus. Social damage in the controlled patch could mainly be divided into the following two types: (1) agricultural economic loss and (2) ecological damage. Whereas there does not exist a good measure of ecological loss, data on agricultural economic damage has been collected by Hokkaido Government, Japan (Hokkaido Government 2006) . Thus, we adopt the agricultural economic loss as a proxy representing social damage.
The operation cost for removal is taken from the standard specification of renewable resource management, i.e.,
where c is constant marginal cost per unit effort. On the other hand, agricultural damage is assumed to be a class of the following power function of the escapement level at period t, i.e.,
where parameters of a and d are estimated from available data. We take this functional form for the two reasons. First, it is convenient for the estimation, which can also accommodate the possibility of both monotone concave and monotone convex functions simultaneously. Second, it is generally believed that the damage function should not show a bell-shaped decrease as the escapement increases (see, e.g., Conrad 1999). Thus, a power function is usually assumed for the estimation of the damage function. Given the above economic functions of removal costs and social damage from invasive species, we propose that the social welfare in the long-run equilibrium may be a good measure of economic effectiveness from a long-run perspective. As noted in the previous section, a stable equilibrium exists when government officials set some constant annual effort of E. In this case, it is guaranteed that all ecological variables of (X 1,t , X 2,t , S 2,t , H 2,t ) converge to X 1 , X 2 , S 2 , H 2 in the long run, independently of the initial population levels insofar as the parameters and effort level are unchanged. Of course, the steady state depends on the constant annual effort E, that is, the equilibrium can be reexpressed as X 1 (E), X 2 (E), S 2 (E), H 2 (E). Thus, welfare in the long-run equilibrium is written as
One of the aims in this research is to suggest an economically optimal level of constant annual effort, that is,
which is equivalent to finding an effort level that minimizes the social welfare loss in an interior equilibrium.
Model calibration and parameter estimations Figure 2 displays the locations of the controlled and uncontrolled patches on raccoon management in Hokkaido, Japan. The denser-colored and less-colored patches in an area framed by a black line in the figure correspond to the controlled and uncontrolled patch, respectively. In this section, the model introduced in the previous section is calibrated to capture the population dynamics with densitydependent migration for the purpose of application to raccoon problems in Hokkaido, Japan.
Biology
In this subsection, we introduce how to determine a set of parameters necessary for the numerical analysis of population dynamics, based on the result of field research as well as the life table of raccoons in Hokkaido. We mainly focus on a net growth rate, r, and a parameter of K related to the density-dependent feedback in each patch. With respect to the net growth rates, the governmental reports provide some benchmark method from the life table Hokkaido Government 2006) . For this calculation of a net growth rate, several assumptions in the life table must be made: sex ratio of male and female, pregnancy rate, litter size, natural death rate, and child death rates of adults and juveniles within a single year. We adopt the same values for these parameters and calculation method noted in the Hokkaido report (Hokkaido Government 2006), and finally obtain r i = 1.61, i = 1,2, which is employed in a simulation throughout the rest of this paper.
With respect to the parameter of K, our decision is based on the recent field research conducted by Maesaki et al. (2001) . They report that the estimation of density per km 2 is approximately 0.5-4.1. Given this field survey, we adopt 4/km 2 for the possible maximum density. Since we know the areas of the controlled and uncontrolled patches, which are A 2 ¼ 9; 506 km 2 and A 1 ¼ 38; 527 km 2 ; multiplying these with density yields the approximation of the possible maximum population level in the uncontrolled and controlled patches as 154,112 and 38,028, respectively. Given these values, we can identify K i by utilizing the fact that, without considering densitydependent migrations, the stable steady state in each patch is derived as
from Eqs. 1 and 2. Since we can consider that X i could be approximated by 154,112 or 38,028, K 1 and K 2 are computed as 3.958 9 10 -6 and 1.604 9 10 -5 , respectively. With respect to the remaining two parameters in the population dynamics, that is, b and m, associated with migration, there are no available data or field research that can be used for identification. Instead, we suppose some range of values for these parameters, and describe how they affect the resulting outcomes in the discussion. At this point, we simply note that three values for b are assumed b = {0.5, 1.0, 1.5}, and use the rate of migration between two patches, m = 875, as a starting point.
Social damage
A series of annual reports issued by the Hokkaido Government suggests that agricultural damage is the main factor that motivates the implementation of removal controls of raccoons. Therefore, this paper takes agricultural damage or loss as a proxy for social damage as mentioned previously. Figure 3 illustrates the relation between agricultural damage (unit: 10,000 yen) and escapement, i.e., X 2,t -H 2,t , collected as data over the last 10 years in the controlled patch (Hokkaido Government 2006) . Surprisingly enough, the curvature is not convex, but concave in the sense that marginal agricultural damage appears to be decreasing in the escapement level. This feature is opposite to the usual assumption that a series of past economic literature has adopted.
This may be due to several reasons. First, it has been remarked that the way of collecting data on agricultural damage is subject to measurement errors. For instance, farmers, who suffer from roaming raccoons in an early stage, may tend to over-report the agricultural damage due to psychological or cognitive reasons. Second, raccoons are well-known to possess opportunistic and omnivorous feeding habits (Ikeda et al. 2004) . They therefore may seek to obtain another source of prey if agricultural products for their foraging become scarce to a certain degree. In any event, the evidence for the relation between agricultural damage and the escapement of raccoons remains scarce and the reasons must be further investigated.
We estimate the damage function of D t = D(S 2,t ) = aS 2,t d by running the following regression:
where esc represents the escapement level of population estimated in the controlled patch as an independent variable. The OLS regression results are reported in Table 1 . As expected, escapement is not very significant even at the 10% level. However, agricultural damage seems to be Escapement Agricultural Damage (10 thousand yen) Fig. 3 Scatter plot between agricultural damage and estimated escaped population 
Catchability and catch per unit of effort (CPUE)
There are not sufficient data to estimate CPUE and catchability in the controlled patch, although some data of (1) population prior to removal operations, (2) the number of populations removed, and (3) total effort devoted within a single year are available in specific years. For example, such data in 2006 are given as follows: population prior to removal operation, population removed, and total effort are X 2,2006 = 4,907, H 2,2006 = 1,140, and E 2006 = 64,360 trap days, respectively. Based on these limited data, the best one can do is to introduce several plausible scenarios that may be the case in reality, and identify the catchability and CPUE depending on each scenario. The scenarios we will assume with respect to catchability and CPUE are:
Eradication is infeasible (EI), In this scenario, we set
h EI = 1.1, b EI = 1.78 9 10 -6 . 2. Eradication is difficult, but feasible (EDF), h EDF = 0.9, b EDF = 9.48 9 10 -6 . 3. Eradication is possible (EP), h EP = 0.5, b EP = 2.69 9 10 -4 .
Utilizing the above three values in 2006, production function of Eq. 6 gives the parameter values of each scenario, that is, h and b.
First, it must be recalled that the sensitivity of catchability, h, tells us whether extermination is feasible or not. Since we never know its true value with the current removal technology and methods for our case study, it is good to assume several possibilities. Therefore, we first set h EI = 1.1, h EDF = 0.9, h EP = 0.5, and each scenario is named EI, EDF, and EP, respectively, after the degree of difficulty in achieving extermination corresponding to the value of the sensitivity of catchability. Once we set the sensitivity of catchability, and given the values of X In the Results section that follows, we will compare the long-run equilibrium outcomes across each scenario, which play an important role in determining the economically optimal level of constant annual effort associated with asymmetric migration between two patches.
Results
We present numerical results obtained via Matlab in this section, using the parameter values and functional forms for key variables calibrated from the data in the raccoon problem, Hokkaido, Japan (see Table 2 for parameter values). Throughout this section, we treat the long-run equilibrium outcomes under the constant annual effort. We have confirmed that all the equilibrium outcomes presented in this section are invariant with an initial population level. In other words, the same equilibrium outcomes, independently of initial population levels, are reached insofar as the parameters and effort levels keep unchanged. Figure 4 provides a set of 9 panels (3 9 3), which display equilibrium outcomes of an ecological model, depending on each scenario and parameter set. The horizonal axis in each panel represents the constant annual effort level measured by total days for which traps has been set in the field, while the vertical axis denotes ecological variables of X 1 , X 2 , S 2 . The panels in the 1st, 2nd, and 3rd rows measure X 1 , X 2 , and S 2 , respectively, and the 1st, 2nd, and 3rd columns correspond to the scenarios of EP, EDF, and EI, respectively. Each panel provides a comparison of three lines, each of which corresponds to the parameter of asymmetric migration: b = {0.5, 1.0, 1.5}: b = 0.5 (line without dots), b = 1.0 (solid line with dots), b = 1.5 (thin line with dots).
As can be seen from Fig. 4 , the parameter of asymmetric migration, b, affects the long-run equilibrium. In general, an increase in b yields more raccoon population in the controlled patch, X 2 , and less population in the uncontrolled patch X 1 . This result follows our intuition.
On the other hand, difference in S 2 due to asymmetric migration of b depends on the annual effort level of E. If E is sufficiently small, then the difference in S 2 is obvious (see the effort level of 0-300,000 in the 3rd row panels of Fig. 4) . However, once E gets sufficiently large, then the difference becomes small or negligible (see the effort level of 300,000-600,000 in the 3rd low panels of Fig. 4 , and also refer to Table 3 ). Such a trend for sufficiently large effort levels arises due to the two different reasons depending on each scenario. In EP, local extermination is simply achieved, i.e., S 2 = 0, for all b = {0.5, 1.0, 1.5} when a sufficiently large effort is devoted. In fact, the effort levels required for extermination are 300,000, 410,000, and 510,000, depending on parameter values of b = {0.5, 1.0, 1.5} (confirm this from the row for EP in Table 3 and also from Fig. 4) . In terms of EDF and EI, CPUE gets very low in an equilibrium as an effort level is sufficiently increased and the existing population in the controlled patch decreases. This feature in an equilibrium reflects the fact that effectiveness of one unit of effort rapidly declines, and thus the difference in the population level prior to the removal operation subsequently has negligible impacts on the resulting escapement level. Thus, the difference in S 2 becomes small as effort levels are sufficiently large, although extermination is not achieved in EDF and EI (see the columns of EDF and EI in Table 3 ).
Here, it must be recalled that extermination is technically feasible in EDF and EP. For the range of effort levels we employed in numerical analysis, it is succeeded in EP when the effort levels of E are set more than 300,000, 410,000, and 510,000 depending on b = 0.5, 1.0, 1.5, respectively, and it is not achieved in EDF for all b (see Table 3 ). This suggests that, even though extermination is technically possible, the difference in the sensitivity of catchability, h, significantly affects the annual effort level at which eradication succeeds in an equilibrium. In general, as the sensitivity of catchability becomes larger, the effort level that is required for extermination would increase as illustrated. In summary, analysis of an ecological model suggests that both the sensitivity of catchability and the degree of asymmetric migration are crucial in determining the equilibrium outcome especially on whether local extermination is succeeding or not in the controlled patch.
We have looked at the ecological outcomes so far. In turn, we now present the economic consequence in what (2) difficult, but feasible and (3) infeasible, respectively. X 1 ,X 2 , and S 2 are raccoon population in the uncontrolled patch, the one in the controlled patch, and escapement in controlled patch in the steady state, respectively follows. Figure 5 provides a set of 9 panels (3 9 3), which displays equilibrium outcomes associated with social welfare defined in Eq. 11 where the 1st, 2nd, and 3rd rows correspond to the equilibrium welfare when constant marginal cost is set as c is 200, 100, and 50, respectively, while the 1st, 2nd, and 3rd columns correspond to the Figure 5 enables us to identify an economically optimal level of constant annual effort from the long-run perspective. It is the one which gives the highest value of W(E) as defined in Eq. 12. For instance, when c = 200 and the scenario is EI, then an economically optimal effort level is zero. Because W is the highest at E = 0 (see the panel of the 1st row and 3rd column in Fig. 5) , it implies that any positive removal effort does not pay off compared to the case of E = 0 for all b = {0.5, 1.0, 1.5} in the long run. As another example, focus on the case of EI when c = 50 (see the panel of the 3rd row and the 3rd column in Fig. 5) . Then, it can be observed that an economically optimal effort level is about 220,000 for all b = {0.5, 1.0, 1.5}. This suggests that setting E = 220,000 pays off compared to any other effort level from the long-run perspective, irrespective of the degree of asymmetric migration.
Close inspection of Fig. 5 reveals that the qualitative features of W(E) in EP are quite different from those in EDF and EI. In EP, the economically optimal effort level is located where local extermination is just achieved if constant marginal cost is sufficiently small, i.e., c = {100, 50}, otherwise zero effort is economically optimal (see the column of EP in Table 3 , and the three panels of the 1st columns in Fig. 5 ). Thus, in this situation, the problem simply reduces to ''Is the constant marginal cost of c small enough that local extermination pays off?'' When c = {50, 100}, it is optimal to aim at local extermination so that economically optimal effort levels must be adapted with b. When c = 200, zero effort level is optimal.
Whenever the sensitivity of catchability is sufficiently small, the same qualitative feature with respect to W(E) as in EP holds. In this case, economically optimal effort levels could be highly dependent upon the degree of asymmetric migration, b. This reflects the fact that, in EP, the effort level required for eradication increases as b rises (see Table 3 ).
In EDF and EI, the optimal effort levels are zero or some strictly positive effort level, which could be independent of parameters of asymmetric migration b. If c = 50, then the optimal effort level is located around 220,000-230,000 and its levels appears to be independent of the degree of asymmetric migrations, b, in both scenarios (see the two panels of the 3rd row and the 2nd and 3rd columns in Fig. 5 ). Next, observe the two panels of c = 100 (see the two panels of 2nd row and 2nd and 3rd columns in Fig. 5 ). In EDF, only when b = 0.5, it is optimal to set around E = 200,000, otherwise zero. In EI, the optimal effort level appears to be around E = 150,000 for all b. Finally, observe the two panels of c = 200 (see the two panels of the 3rd row, and the 2nd and 3rd columns in Fig. 5 ). In these cases, the optimal effort level is zero irrespective of b so that any positive level of removal effort cannot be justified in both scenarios (see the two panels in the 1st row and the 2nd and 3rd columns in Fig. 5) .
From a series of the above numerical results in EDF and EI, we draw the following observations: whenever the sensitivity of catchability is sufficiently high and some positive effort is economically desirable for all b, then the economically optimal effort level could be almost independent of the degree of asymmetric migration. This is in sharp contrast to the case of EP.
In this section, we have chosen the limited parameter set of constant marginal cost c = {200, 100, 50}. However, we can say what would happen if we take other parameter ranges of c. If constant marginal cost of c takes the value larger than 200, the optimal effort levels simply remain zero for all scenarios. If c is less than 100, the qualitative features of optimal effort levels are almost identical to the ones with the cases of c = 50 in all scenarios. Therefore, our results presented in this section could be viewed as an exhaustive list of important results.
Finally, we summarize the findings: it has been demonstrated that only when the sensitivity of catchability is sufficiently small, such as EP scenario, will local extermination at the controlled patch yield an optimal welfare in an equilibrium. Accordingly, the optimal effort level must change with b as illustrated above for local eradication. In contrast, if the sensitivity of catchability is sufficiently large, such as EDF or EI, it is never optimal to aim at local extermination, rather it could be better to aim at keeping a low escapement level in the controlled habitat. In such a situation, an economically optimal effort level could be almost independent of the degree of asymmetric migrations b (see the three panels of the 3rd row in Fig. 5 ). It must be noted that this feature is in contrast with that in the case of low sensitivity of catchability. Therefore, identifying the sensitivity of catchability in terms of current removal technology is important to determine a socially desirable goal as well as the relation between an economically optimal effort level and the degree of asymmetric migrations.
Discussion
The Hokkaido Government currently appears to set local extermination in the controlled patch as the goal for this raccoon problem, and aims at implementing an annual effort level of E = 80,000-100,000 trap days. From our research, the current goal is justified only if the current technology or method for removal of raccoons exhibits a sufficiently low sensitivity of catchability and the constant marginal cost per unit effort is sufficiently low. It is testable, and the estimate on the sensitivity of catchability really helps to guide where we should go on this problem.
Although we do not present all the patterns of numerical results, we confirm that a migration parameter of m will not qualitatively impact on the equilibrium outcomes of both ecological variables and economic functions. In other words, for the wide range of m, only when the sensitivity of catchability is sufficiently small, is local extermination economically desirable. However, once h is sufficiently high, then local extermination is never optimal and it is best to keep low escapement by setting the optimal effort level ranged between 150,000 and 230,000. Reflecting these numerical results with real practices on the raccoon problems in Hokkaido, we recommend that effort levels be increased up to about 150,000-230,000 if the sensitivity of catchability with current technology is sufficiently high. In contrast, if the current removal technology possesses a sufficiently low h, the ''strike level of removal effort'' for local extermination must be carefully evaluated, which greatly depends on the migration rate from uncontrolled areas.
In this paper, we focus on agricultural damage as a reason for raccoon control, and demonstrate a result that it is concave in the escapement level. What if it is convex? The answer for this question is that local extermination is simply more unlikely to be justified in our analytic framework, since reducing the population to zero is not such an attractive option, compared to the concave damage function. Furthermore, we also have to realize that what is more important for the decision of local extermination is the degree of marginal damage from very small populations, irrespective of the curvature in damage functions. As intuition tells us, if marginal damage from small populations is very high (low), local extermination is more (less) attractive.
This research takes the perspective that the decisions associated with ''area-wise controls'' in invasive species management might be legitimately analyzed through a simple deterministic meta-population model with migration. In addition, we restrict our attention to the class of ''constant annual effort'' as a choice for the management officials. In reality, however, the model adopted in this research could be viewed as primitive, and it is totally possible to extend it into several directions for more real policy guidance: (1) multiple stochasticities such as growth uncertainty and implementation error could be incorporated into a model in which a Monte Carlo simulation may be of some use, (2) the optimal feedback strategy of removal controls can be derived through dynamic programming or optimal controls even under uncertainties as in the sense of Tuck and Possingham (1994) , and (3) the most important extension that must be made in the future is how we incorporate loss of ecological services into the analytic framework of the mathematical model.
